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Chronic toxicity of double-walled carbon nanotubes 
to three marine organisms: influence of different 
dispersion methods
Following the recent proliferation of nano-
technology, a diverse array of engineered nano-
materials has been produced over the last dec-
ade. Engineered nanomaterials are commonly 
defined as materials with at least one dimension 
of 100 nm or less [1]. Such materials typically 
possess nanostructure-dependent properties 
(e.g., special chemical, mechanical, electrical, 
optical, magnetic and/or biological attributes), 
which make them desirable for commercial or 
medical applications [1]. Carbon-based nanoma-
terials and nanoscale metal oxides are two major 
types of engineered nanomaterials suitable for 
diverse purposes. 
Carbon nanotubes (CNTs) are one of the most 
promising carbon-based nanomaterials. There 
are many variations in the structure of CNTs, 
such as single-walled and multiwalled CNTs of 
different length and diameter. CNTs have supe-
rior electrical conductivity, thermal conductivity 
and mechanical strength over conventional mate-
rials, making them desirable for many commer-
cial products [2]. Potential applications of CNTs 
include electronic devices, composite materials, 
hydrogen storage and field emission devices [2]. 
Recently, double-walled CNTs (DWNTs) are 
attracting increasing attention because they 
possess combined advantageous properties of 
single-walled CNTs (SWNTs) and multiwalled 
CNTs (MWNTs) [3]. For example, DWNTs 
offer excellent field emission properties because 
they have both the low threshold voltage for 
electron emission as SWNTs and high emission 
stability similar to MWNTs [4]. Generally, the 
outer wall of DWNTs protects the inner one, 
thus maintaining the main mechanical prop-
erties even in case of covalent fictionalization. 
Hence, DWNTs have a morphology very similar 
to SWNTs (in terms of length and diameter), 
with improved mechanical properties.
The application of CNTs is vast and is 
expanding. The annual number of CNT-related 
patents filed between 1997 and 2001 increased 
from approximately 2500 to approximately 
21,000 [2]. The annual number of DWNT-
related patents filed also increased from eight to 
approximately 250 between 2000 to 2008 [101]. A 
total of 65 tons of CNTs and nanofibers was pro-
duced in 2004 and their production is projected 
to increase by 60% per year [102]. Furthermore, 
CNTs will become more affordable as their 
prices are anticipated to decrease by factors of 
10–100 [102]. The CNT market in 2007 was esti-
mated to be worth approximately US$79 million, 
with a compound annual growth rate of 74% [103]. 
Applications of CNTs are already beginning to be 
realized in commercial consumer products, and 
are already in sports equipment, electronics and 
as additives to plastics [104]. 
With the increasing production and utiliza-
tion of these unique nanomaterials, CNTs and 
their by-products are likely to enter aquatic 
environments. Possible release pathways include 
industrial discharge, landfill leachate, accidental 
spill or marine dumping of contaminated mud. 
Besides such unintentional releases, intentional 
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release for environmental remediation [5] and 
wastewater treatment [6] may also introduce 
these nanomaterials into the environment. 
Therefore it is important to gain an under-
standing of their potential risks of exposure in 
ecosystems. In addition, current regulation on 
disposal or discharge of engineered nanomate-
rials is unclear. The lack of understanding and 
regulation regarding the potential impacts of 
nanomaterials to the environment has been a 
key concern under scrutiny by environmental 
scientists [7].
Properties of nanomaterials are, however, dif-
ferent from the bulk properties of the constitu-
ent chemicals [8] and therefore require separate 
investigation for their ecotoxicities [1]. Most of 
the recent literature on the toxicity of CNTs has 
focused on in vitro and mammalian models, and 
these studies have confirmed that CNTs can 
have toxic effects by inducing oxidative stress 
and respiratory toxicity [1,9]. Ecotoxicity of 
CNTs has also been partially revealed in a few 
studies on fish and invertebrates. For example, 
the rainbow trout Oncorhynchus mykiss exposed 
to 0.1 mg/l SWNTs displayed increased venti-
lation rate and altered behavior [10]. Hatching 
of zebrafish embryos was significantly delayed 
in test solution with SWNTs at 120 mg/l [8]. 
The copepod Amphiascus tenuiremis exposed to 
10 mg/l SWNTs exhibited significant reduction 
in lifecycle survivorship, fertilization successes 
and molting success [11]. In addition, previous 
mammalian studies demonstrated many adverse 
effects of CNTs but such toxic effects generally 
require a long period to develop [12,13]. 
It is very common for nanomaterials to agglom-
erate into large aggregates due to strong van der 
Waals forces, especially for CNTs [14]. From the 
view point of ecotoxicology, it is more important 
to study the environmentally realistic form of 
nanomaterial aggregates [15]. Typically, solvents/
surfactants or sonication are used to disperse 
CNTs in aqueous suspensions for the majority of 
previous toxicity studies. Nevertheless, these two 
dispersion methods are environmentally unrealis-
tic. Using solvents/surfactants have an additional 
disadvantage, as the solvent itself can cause sig-
nificant toxicity under some circumstances [10]. 
Stirring may be a more environmentally realistic 
option to disperse CNTs in aqueous solution, 
despite not being able to disperse CNTs as well as 
the previous two methods [16]. Different methods 
of dispersion may result in different degrees or 
kinds of agglomeration of CNTs. For example, it 
has been shown that CNTs of different aggrega-
tion sizes can cause different toxicities to mam-
malian cell lines [17,18]. Nonetheless, there is no 
similar in vivo study to uncover the influence of 
different dispersion methods on the CNT toxicity 
to marine organisms. 
The objective of this study was to evaluate the 
ecotoxicity of DWNTs in a marine environ ment. 
Their toxicities were tested with three common 
saltwater model species: the diatom Thalassiosira 
pseudonana, the copepod Tigriopus japonicus and 
the medaka fish Oryzias melastigma. To under-
stand the potential effect of dispersion method on 
DWNT toxicity, toxicities of DWNTs dispersed 
by stirring and sonication were compared. 
Methods
 Nanomaterial suspension 
preparation & characterization
Double-walled carbon nanotubes used in this 
study were produced by catalytic chemical vapor 
deposition method, and the synthesis and char-
acterization was published in an earlier study [3]. 
In brief, the batch contained about 80% DWNTs 
and 20% SWNT. The inner and outer diameters 
of DWNTs were approximately 0.7 to 2.1 nm, 
respectively [3]. The DWNT sample contains ca. 
90% elemental carbon with traces of elemental 
cobalt (ca. 3.3 wt.%) and molybdenum (ca. 1.1 
wt.%), as well as oxygen [3]. Cobalt contaminants 
were present but were in the form of carbon-
encapsulated nanoparticles [3]. The carbon-encap-
sulated metal nanoparticles are tightly protected 
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Figure 1. Experimental set-up for algal 
growth inhibition test. (A) An illustrated 
diagram of the set-up. (B) A set-up testing the 
toxicity of double-walled carbon nanotube and 
(C) a set-up testing the light-blocking effect of 
double-walled carbon nanotube.
from the outside environment [19] and no leak of 
metal is expected in the experimental conditions 
used in this work. 
Autoclaved, f iltered artif icial seawater 
(30 ± 0.5%; pH 7.9–8.0) was used for all the 
experiments and was prepared by dissolving the 
appropriate amount of artificial sea salt in dis-
tilled water followed by filtration (sea salt: Tropic 
Marine, Germany; filter: glass microfiber filter 
GF/C 47 mm circle, Whatman, UK). Stock 
solutions were prepared by dispersing 0.0100 g 
of DWNTs, determined gravimetrically (five-
digit electronic balance, Sartorius, Germany) in 
100 ml of artificial seawater. DWNTs were dis-
persed in artificial seawater using either sonica-
tion (Branson 5200 ultrasonic bath) for 2 h (so-
DWNT) or continuous stirring with a magnetic 
stirrer (a200 rpm) for 2 weeks (st-DWNT). All
the suspensions were examined under transmis-
sion electron microscopy (TEM; FEI CM208, 
Eindhoven, The Netherlands) at 80 kV to obtain 
the distribution of their aggregation size. 
 Experimental organisms
Diatom (T. pseudonana), culture was maintained 
in autoclaved f/2-Si medium under 25 ± 1°C, 
30 ± 0.5%, pH 7.8–8.1 and a 16:8 h photo-
period. Harpacticoid copepods (T. japonicus), 
were maintained under identical environmental 
conditions as those set for T. pseudonana and 
were fed with the diatom Skeletonema costatum. 
The medaka fish (O. melastigma) were main-
tained at 25 ± 2°C, 30 ± 2%, pH 7.8–8.1 and 
a 16:8 h photoperiod, and fed with commercial 
fish feed (Kyorin, Japan) and newly hatched 
artemia larvae (24 h old).
 96-h algal growth inhibition test
As DWNTs are opaque, growth inhibition may 
be an effect of light blockage caused by the 
materials instead of direct toxicity. In order to 
differentiate between the two effects, the experi-
mental set-up was specially designed as shown in 
FIGURE 1A. Cell concentration of T. pseudonana cul-
ture at exponential growth phase (96 h old) was 
determined using a hemocytometer (Neubauer 
Improved, Precolor HGB, Germany). An appro-
priate amount of diatom culture was added to 
each of the 3.5 ml autoclaved test glass tubes 
with 2 ml autoclaved f/2-Si medium to obtain 
an initial algal concentration of 104 cells/ml. 
Different concentrations of DWNTs (0.1, 1, 10, 
50 and 100 mg/l) were added to the test tubes. 
The algal solution was placed in a 3.5 ml glass 
test tube and this test tube was placed inside a 
small glass vial containing 6 ml test solution. 
When the toxicity of DWNTs was tested, the 
nanomaterials were mixed with the algae and 
only water was added to the outside glass vial 
(FIGURE 1B). When the light-blocking effect was 
being investigated, the materials were added to 
the solution of the outside glass vial (FIGURE 1C). In 
order to understand whether this additional glass 
vial itself would affect the growth of the algae, 
an additional water control without the glass 
vial was included. There were four replicates 
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Figure 2. Transmission electron microscope photos and size 
distributions of both sonicated and stirred double-walled carbon 
nanotubes aggregates. Transmission electron microscope photos of so-DWNT 
aggregates under (A) low magnification and (B) high magnification; and st-DWNT 
aggregates under (C) low magnification and (D) high magnification. From the 
transmission electron microscope analysis, aggregation size distributions of both 
so- and st-DWNTs are determined and shown in (E). 
so-DWNT: Sonicated double-walled carbon nanotube; st-DWNT: Stirred  
double-walled carbon nanotube.
in the control and each of treatment groups (at 
various nominal concentrations of DWNTs). All 
tests were conducted at 25 ± 0.5°C, 30 ± 0.5%, 
pH 7.8–8.0 and a 16:8 h photoperiod.
 Copepod lifecycle test 
The lifecycle toxicity of the nanomaterials to 
T. japonicus was investigated using a modified 
ASTM protocol (ASTM E-2317–04 [20]). In 
96-well microplates, less than 24-h-old nauplii 
were placed individually in wells loaded with 
200 µl of test solution and 2 µl of algal solution 
containing 107 diatom S. costatum cells/ml, deter-
mined by the use of a hemo cytometer (Neubauer 
Improved, Precolor HGB, Germany). All treat-
ments had eight replicates and each replicate con-
tained 12 nauplii. Test solutions of appropriate 
nominal concentrations (0.1, 1, 10, 30, 50 and 
100 mg/l) were prepared by serial dilution.
Tigriopus japonicus undergoes anamorphic 
development with 12 distinctive post-embryonic 
developmental stages (six naupliar stages, five 
copepodid stages and sexually dimorphic adults). 
Females usually bear multiple broods of eggs after 
single mating and a typical brood size of 30–50 
[21]. Under laboratory conditions, T. japonicus 
individuals developed from eggs will take at most 
21 days to deposit their first egg brood [21].
To ensure consistency of exposure, copepods 
were placed into new microwells containing 
fresh tests solutions and algal food every 96 h. 
Copepods were monitored daily for life stage, 
mortality, development and sex determina-
tion. When the copepods reached copepodid 
stage 5, male and female copepods were paired 
up and mated within each replicate for each 
treatment. Lifecycle testing was terminated 
after the release of the second brood of eggs 
from each mating pair. Test periods for indi-
vidual microplate bioassays ranged from 20 
to 30 days to account for treatment-specific 
developmental delays. All tests were conducted 
at 25 ± 0.5°C, 30 ± 0.5%, pH 7.8–8.0 and a 
16:8 h photoperiod.
Mortality, duration of larval development 
(from 24 h nauplii to develop into copepodid
stage 1), time to first reproduction (from 24 h
nauplii to the development of the first egg brood) 
and the intrinsic rate of increase (r
m
) were used 
as end points. The r
m
 integrates mortality, repro-
ductive output and frequency; it was computed 
using the method described in Kwok et al. and 
is an estimate of the intrinsic population growth 
rate [20].
 Histological investigation
Copepods were found to ingest and defecate 
CNTs in an earlier study [11]. In this study, 
TEM was used to confirm if DWNTs can 
penetrate into the gut and cuticle cells of 
T. japonicus after exposure. Ten T. japonicus 
were exposed for 7 days to either 100 mg/l of 
so-DWNTs or 100 mg/l of st-DWNTs. Sample 
preparation was modified from Au et al. [22]. 
After the exposure period, the copepods were 
fixed under room temperature in a solution 
containing 2% paraformaldehyde, 2.5% glu-
taraldehye, 0.05% calcium chloride 0.4 M 
sucrose in 0.1 M cacodylate buffer at pH 7.6. 
Samples were decalcified with 5% EDTA in 
0.1 M cacodylate buffer with 0.2 M sucrose. 
After fixing, samples were rinsed in buffer and 
distilled water, dehydrated in a graded ethanol 
series and acetone, then infiltrated and embed-
ded in Spurr’s resin. Samples were postfixed 
in 2% osmium tetroxide (OsO
4
) in 0.1 M 
cacodylate buffer in the dark for 3 h. 
Five of the ten individuals were randomly 
chosen and semi-thin dorsal–ventral sections 
(thickness 0.3 mm) stained with toluidine 
blue were prepared for orienting the tissue 
for ultrathin sectioning. Ultrathin sections 
(75 nm) were prepared with an ultramicro-
tone (Leica Reichert Ultracut UCT, Austria) 
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Figure 3. Relative growth of Thalassiosira pseudonana (mean ± 1 standard 
deviation) exposed to different nominal concentrations of sonicated 
double-walled carbon nanotubes (open circles) and stirred double-walled 
carbon nanotubes (open triangles). These results are compared with the 
light-blocking effect control groups for so-DWNTs (circles) and  
st-DWNTs (triangles). 
so-DWNT: Sonicated double-walled carbon nanotube; st-DWNT: Stirred 
double-walled carbon nanotube.
with a diamond knife (Diatome, Switzerland) 
and double stained with Reynold’s lead citrate 
and uranyl acetate. Three random sections 
per individual were examined under TEM at 
80 kV. The gut and cuticle of the copepods 
were examined in each section, as they rep-
resent the major part in contact with the test 
materials via the dietary and dermal exposure 
pathways, respectively.
 Medaka larvae test 
The medaka fish O. melastigma has been pro-
posed as a saltwater fish model for ecotoxico-
logy [23]. O. melastigma is small and easy to 
culture and breed, exhibits uniform growth, 
completes its whole lifecycle in seawater and 
has a similar biology to its freshwater coun-
terpart Oryzias latipes [23]. Newly born (<16 h 
posthatch) f ish larvae were collected and 
maintained until 48 h posthatch. The 48 h 
posthatch larvae were individually placed in 
a 5 × 5 compartment square petri dish and 
exposed to various levels of DWNTs (10, 50 
and 100 mg/l). Fish were fed with artemia lar-
vae (24 h old) daily ad libitum and test solu-
tions were renewed every 48 h. Survival of fish 
was recorded daily. At days 1, 4, 7, 10 and 14 
of exposure, photos of all individual fish of all 
treatments were taken and their total lengths 
were measured using software Image J [105]. 
Tests were conducted at 25 ± 0.5°C, 30 ± 0.5%, 
pH 7.8–8.0 and a 16:8 h photoperiod.
 Statistical ana lysis
For each test, one-way ana lysis of variance 
(ANOVA) followed by Dunnett’s test was used 
to determine the no observed effect concentra-
tion and lowest observed effect concentration 
of each of the end points compared with the 
control. Proportion data were arcsine trans-
formed before running the ANOVA [24]. For 
conciseness, length data of medaka of different 
treatments were only compared at day 7 and 
day 14 using ANOVA. Bonferroni correction 
for multiple testing was used [24], and for cases 
with significant effects (after the Bonferroni 
correction), their corresponding no observed 
effect concentration and lowest observed effect 
concentration were determined. Regression 
analyses were carried out for growth data of 
the algae, and mortality data of the copepods 
against the concentration of DWNTs and 50% 
effect concentration (EC
50
) values were calcu-
lated using appropriate parametric regression 
models. Analysis of covariance (ANCOVA) 
was conducted to compare the toxicity between 
so-DWNTs and st-DWNTs using the meas-
ured end points as the dependent variable, 
the dispersion method as the fixed factor and 
c oncentration as the covariate.
Results
 Aggregation size distributions
Double-walled carbon nanotubes aggregated 
in filtered artificial seawater and representative 
TEM images of DWNT aggregates are shown 
in FIGURE 2 at two different magnifications. 
Aggregate size distributions of the DWNTs 
determined by TEM showed that so-DWNTs 
had a significantly smaller aggregate size than 
st-DWNTs (FIGURE 2E ; Mann-Whitney test: 
Table 1. ANOVA results for individual toxicity tests and toxicity 
end point.
Test 
species
End point F value p-value LOEC
(mg l-1)
NOEC 
(mg l-1)
EC
50
(mg l-1)
so-DWNT
Diatom Algal growth† F
5,18
 = 95.0† <0.001† 0.1† ND† 1.86†
Algal growth 
(light blocking)
F
5,18
 = 5.1 <0.01 ND ND No fit‡
Copepod Total mortality† F
6,49
 = 7.3† <0.001† 50† 30† No fit†‡
Larval 
mortality†
F
6,49
 = 10.7† <0.001† 30† 10† No fit†‡
Larval 
development
F
6,49
 = 4.0 <0.01 ND ND ND
Time to first 
reproduction
F
6,49
 = 152† <0.001† 0.1† ND† ND†
Intrinsic rate of 
increase
F
6,49
 = 33.4 <0.001 0.1 ND No fit‡
Medaka Mortality F
3,8
 = 8.8 <0.01 ND ND ND
Length at d7 F
3,8
 = 9.3 <0.01 ND ND ND
Length at d14† F
3,8
 = 16.6† <0.001† 10† ND† ND†
st-DWNT
Diatom Algal growth† F
5,18
 = 46.0† <0.001† 0.1† ND† 22.7†
Algal growth 
(light blocking)
F
5,18
 = 2.2 >0.05 ND ND No fit‡
Copepod Total mortality F
6,49
 = 3.8 <0.01 ND ND No fit‡
Larval 
mortality†
F
6,49
 = 10.9† <0.001† 100† 50† No fit†‡
Larval 
development
F
6,49
 = 2.4 <0.05 ND ND ND
Time to first 
reproduction†
F
6,49
 = 51.5† <0.001† 10† 1† ND†
Intrinsic rate of 
increase†
F
6,49
 = 20.1† <0.001† 10† 1† No fit†‡
Medaka Mortality F
3,8
 = 3.0 >0.05 ND ND ND
Length at d7 F
3,8
 = 1.3 >0.05 ND ND ND
Length at d14 F
3,8
 = 7.6 <0.01 ND ND ND
†Indicates cases with a significant effect after Bonferroni correction for multiple tests (D = 0.05).
‡No fit: No significant regression model could be fitted.
d: Day; EC
50
: Effect concentration 50%; LOEC: Lowest observed effect concentrations; ND: Not 
determined; NOEC: No observed effect concentrations; so-DWNT: Sonicated double-walled carbon 
nanotube; st-DWNT: Stirred double-walled carbon nanotube.
U = 195; p < 0.05). The median aggregation size 
of so-DWNTs (0.89 µm2) was 24-fold smaller 
than that of st-DWNTs (21.8 µm2). 
 96-h algal growth inhibition tests
Regardless of the dispersion method, DWNTs 
caused a significant decrease in algal growth in all 
test concentrations (FIGURE 3 & TABLE 1). ANCOVA 
further revealed a significant difference in eleva-
tion between the dose–response relationships of so-
DWNTs and st-DWNTs (F
1, 36 
= 12.0; p  0.001),
supporting the hypothesis that so-DWNTs were 
more toxic (FIGURE 3) to the algal [than st-DWNTs]. 
The difference in their toxicity was also revealed 
by their EC
50
 values (so-DWNT: 1.86 mg/l; 
st-DWNT: 22.7 mg/l; TABLE 1). Despite the fact 
that DWNTs were opaque and dark in color 
(FIGURE 1), no significant growth inhibitory effects 
were detected in the light-blocking controls for 
st-DWNT and so-DWNTs (FIGURE 3 & TABLE 1). 
 Copepod lifecycle test
The mortality of the copepod T. japonicus 
exposed to DWNTs was generally low. Even in 
the highest concentration treatments of both dis-
persion methods, less than 30% mortality was 
recorded (FIGURE 4). A significant increase in total 
lifecycle mortality, compared with that of the 
water control, was observed at 50 and 100 mg 
DWNT/l regardless of the dispersion method 
used (FIGURE 4 & TABLE 1). Most of these mortality 
events occurred during the larval period (from 
24-h-old nauplii to copepodid stage 1). In
general, so-DWNTs were more toxic than st-
DWNTs to the copepod (FIGURE 4). The former 
caused a significantly higher larval mortality at 
30, 50 and 100 mg/l, but only the latter resulted 
in a significantly higher larval mortality at 
100 mg/l (FIGURE 4). The dose–response relation-
ships of st- and so-DWNTs were unclear and no 
parametric regression model could be appropri-
ately fitted for toxicity data generated from either 
DWNT (p ! 0.05).
Exposure to so-DWNTs and so-DWNTs 
did not affect larval development (FIGURE 5A & 
TABLE 1) but delayed the first reproduction by 
1–3 days, depending on the concentration and 
dispersion method (FIGURE 5). For st-DWNTs, 
a significant delay of first reproduction was 
detected from 10 mg/l (TABLE 1). A higher impact 
by so-DWNTs was detected, as the significant 
delay of first reproduction was detected from 
0.1 mg/l (FIGURE 5). 
The r
m
 was the most sensitive end point to 
DWNT exposure. A significant decrease of 
r
m
 was found at 10 mg/l for st-DWNTs and 
0.1 mg/l or more for so-DWNTs (TABLE 1). 
Regardless of the dispersion method, the r
m
 of 
the copepods at the highest DWNT concen-
tration decreased to approximately half of that 
of the control (FIGURE 5). Toxicities of DWNTs 
dispersed by the two different methods were 
compared using ANCOVA. Of all the end 
points measured, only time to first reproduc-
tion showed a significant interaction between 
the dispersion method and concentration of 
DWNTs (F
1, 108 
= 52.0; p  0.001).
 Histological investigation
Light microscopy observation of T. japonicus 
during the lifecycle experiment indicated that 
T. japonicus clearly ingested DWNTs. Distinct 
0.0
Av
er
ag
e 
m
or
ta
lit
y 
(p
ro
po
rti
on
s)
0 100806040
Concentration (mg/l)
20
0.2
0.3
0.1
0.5
0.4
0.0
0.2
0.3
0.1
0.5
0.4
Lifecycle mortality
Larval mortality
Lifecycle mortality
Larval mortality
A  so-DWNT
B st-DWNT
Figure 4. Mortality (mean ± 1 standard deviation) of Tigriopus japonicus 
exposed to different concentrations of (A) so- and (B) st-DWNTs.
so-DWNT: Sonicated double-walled carbon nanotube; st-DWNT: Stirred 
double-walled carbon nanotube.
black aggregates were evidenced only inside the 
gut of exposed animals (FIGURE 6A) and the same 
black aggregates were also observed in their 
fecal pellets (FIGURE 6B) (and never in the case 
of the control animals, as in FIGURE 6C), suggest-
ing that at least part of the ingested DWNTs 
were removed by defecation. DWNT aggre-
gates were also evidenced in the lumen of the 
mid-gut region by TEM (FIGURE 6D & E). These 
findings concur with a previous study on cope-
pods exposed to SWNTs [11]. However, in TEM 
ana lysis, DWNTs were not evidenced in either 
the cuticle or the cuticle cells in all examined 
slides (data not shown).
 Medaka larval test
There were no significant differences in mor-
tality between medaka larvae exposed to so-
DWNTs and st-DWNTs (FIGURE 7 & TABLE 1). 
Nonetheless, the growth (in terms of total 
length) of the fish exposed to so-DWNTs 
was significantly lowered after 14 days at 50 
and 10 mg/l,
 
respectively (FIGURE 8 & TABLE 1). By 
contrast, st-DWNTs led to significant inhi-
bition on the growth of the medaka only at 
100 mg/l after 14 days of exposure (FIGURE 8B
& TABLE 1). No apparent malformation was 
observed in medaka larvae exposed to either 
type of DWNT. 
In summary, exposure to DWNTs resulted 
in growth inhibition of T. pseudonana with 
EC
50
s of 1.86 and 22.7 mg/l for so- and st-
DWNTs, respectively. The population growth 
of T. japonicus was significantly decreased at 
0.1 mg/l or more for so-DWNTs and 10 mg/l 
for st-DWNTs, attributable to increased mor-
tality and impaired reproduction. Growth 
inhibition in O. melastigma was observed at 
10 mg/l or more for so-DWNTs and 100 mg/l 
for st-DWNTs. Consistently, so-DWNTs were 
significantly more toxic than st-DWNTs across 
all test species.
Discussion
This study demonstrated that chronic expo-
sure to DWNTs led to a significant decline of 
population growth of the copepod T. japoni-
cus, and detectable growth inhibition on the 
diatom T. pseudonana and the medaka larvae 
O. melastigma. DWNTs have different toxici-
ties towards the three test marine species, with 
a higher toxicity observed towards the cope-
pod, followed by the diatom and the medaka. 
In contrast to the current chronic toxicity test 
results, short-term lethal-based acute toxicity 
tests, which are often used to understand CNT 
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Figure 5. Development time and intrinsic rate of increase 
(mean + 1 standard deviation) of Tigriopus japonicus exposed to different 
concentrations of stirred and sonicated double-walled carbon nanotubes. 
(A) Larval development time from less than 24-h-old nauplii to copepodid stage; 
(B) time from less than 24 h to first reproduction; and (C) intrinsic rate of increase. 
Asterisks indicate different levels of statistical difference from the seawater control: 
*p < 0.05; **p < 0.01; ***p < 0.001 (Dunnett’s multiple comparison test).
so-DWNT: Sonicated double-walled carbon nanotube; st-DWNT: Stirred 
double-walled carbon nanotube.
toxicity in previous studies (see [8]), are clearly 
not sensitive enough to detect such ecologically 
relevant sublethal toxicity effects. 
Previous researchers have suggested that 
CNT toxicity was primarily caused by oxida-
tive stress in in vitro studies using mammalian 
Microvilli
100 µm
250 µm
0.5 µm
0.2 µm
250 µm
A B
C D
E
Figure 6. The results of histological investigation of the fate of double-walled carbon 
nanotubes in the copepod Tigriopu japonicus. (A) Ingested double-walled carbon nanotubes 
(DWNTs) visible as black clump inside the gut of Tigriopus japonicus. (B) DWNT agglomerates visible 
as black aggregates in fecal pellet of T. japonicus. (C) Fecal pellet of a control copepod. (D & E) 
Transmission electron microscope images of DWNT agglomerates inside the gut of T. japonicus. 
Arrows indicate positions of DWNT agglomerates.
cell cultures [25,26]. In a full lifecycle chronic 
toxicity study, Templeton et al. suggested that 
CNTs can cause oxidative stress and thus toxic-
ity in the estuarine copepod A. tenuiremis [11]. 
Although some researchers suggested that oxi-
dative stress induced by CNTs may be caused 
by the presence of metal contaminants (or 
impurities) in the CNT instead [26,27], this is 
unlikely the cause of oxidative stress observed 
in the present study. More likely the reason is 
that the cobalt present in the DWNTs was car-
bon encapsulated and therefore unlikely to be 
bioavailable [3,19]. 
Based on the current results, DWNTs are 
possibly able to induce both oxidative and 
physical stress, which may result in the initia-
tion of defense mechanisms. This may explain 
the adverse developmental and reproductive 
effects of DWNTs observed in T. japonicus. 
Induction of defense mechanisms may divert 
energy otherwise used for reproduction or 
development [28]. Confusion of DWNTs with 
food particles may also have contributed to the 
adverse effects previously mentioned by lower-
ing the food intake efficiency of T. japonicus, 
as this was also found in other copepod [11] as 
well as with similar DWNT samples in the case 
of amphibians [29,30]. The present results also 
confirmed that DWNTs were not only ingested 
by T. japonicus but also observed inside their 
gut cells. Meanwhile, gill damage or blockage 
by DWNTs [10] may be an alternative expla-
nation to DWNT toxicity observed in the 
medaka fish.
To date, there are no published studies on 
CNT toxicity to marine algae. This is the first 
study demonstrating that DWNTs can lead 
to a relatively high (growth inhibition) toxic-
ity to the diatom T. pseudonana, highlighting 
the need for further studies in this area. Van 
Hoecke et al. reported that silica nanoparticles 
can adhere to the outer cell surface of algal cells 
and hence cause physical disruption on cell 
surface membrane functions and reduction of 
light penetration to the cell, resulting in growth 
inhibition [31]. More research will be required to 
understand the toxic mechanism of DWNTs to 
microalgae, such as the diatom. 
As shown in this study (FIGURE 2), dispersing 
DWNTs in water by sonication (so-DWNTs) 
resulted in smaller aggregate size when com-
pared with dispersion by stirring (st-DWNTs). 
The median aggregation size (0.89 µm2) of 
so-DWNTs was much smaller than that of 
st-DWNTs (21.8 µm2). The distinctive aggre-
gate size may offer an explanation to the 
differences in toxicities of so-DWNTs and st-
DWNTs. Consistently, so-DWNTs were found 
to be more toxic to the three test organisms than 
st-DWNTs. Indeed, sonication has been sug-
gested to increase the toxicity of SWNTs [32]. 
However, the cause of this increased toxicity, 
whether by better dispersion in the solution, or 
potential alteration of CNT structure or surface 
properties, will require further investigation. 
DWNTs dispersed by stirring should represent 
a more environmentally realistic estimate of 
their toxicity. The influence of the addition of a 
surfactant was not discussed here, as it was not 
desirable to interfere with the intrinsic toxicity 
of the surfactant itself. However, the presence of 
surfactants (either natural [33] or man-made [34]) 
cannot be ruled out and should play an impor-
tant role in terms of separation of the CNTs 
(e.g., debundling and dispersion of aggregates) 
and stabilization of the obtained suspensions, 
even at a very low concentration [34].
Conclusion
Sonication could better disperse DWNTs in 
artificial marine water than stirring. The median 
aggregation size (0.89 µm2) of so-DWNTs was 
smaller than that of st-DWNTs (21.8 µm2). 
Chronic toxicity of so-DWNTs was also higher 
than st-DWNT to the diatom T. pseudonana, 
copepod T. japonicus and medaka O. melastigma. 
Exposure to DWNTs led to growth inhibition of 
so-DWNT
st-DWNT
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Figure 7. Mortality of medaka fish larvae (mean ± 1 standard deviation) 
exposed to different concentrations of stirred and sonicated double-walled 
carbon nanotubes.  
so-DWNT: Sonicated double-walled carbon nanotube; st-DWNT: Stirred 
double-walled carbon nanotube.
T. pseudonana with EC
50
s of 1.86 and 22.7 mg/l 
for so- and st-DWNTs, respectively. Population 
growth of T. japonicus was reduced by 0.1 mg/l 
or more for so-DWNTs and 10 mg/l for st-
DWNTs. Given that so-DWNTs are consistently 
significantly more toxic than st-DWNTs, the use 
of sonication probably leads to over estimation of 
the ecotoxicity of DWNTs.
Future perspective
The search for dispersion methods that pro-
duce environmentally realistic data regarding 
the aggregation and structure of nanomateri-
als will be a key area of research and a pre-
requisite to the understanding of ecotoxicity 
of nanomaterials. 
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